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The vortex shedding generated by compressible subsonic flow interacting with a wall cavity has been investigated

using large-eddy-simulation-based turbulence techniques embedded within a legacy Reynolds-averaged Navier–

Stokes solver. Cavity simulations using hybrid turbulence approaches seek the accuracy of large-eddy simulation by

providing filtering andmodeling of subgrid-scale turbulence with the cost of traditional Reynolds-averaged Navier–

Stokes. Simulations applying differing techniques of hybridization of the Menter k-! shear stress transport

Reynolds-averaged Navier–Stokes approach include detached eddy simulation (DES-SST), blended subgrid-scale

turbulencemodels (GT-HRLES), and a self-adjusting large-eddy-simulation–very-large-eddy-simulation technique

(KES) provide an understanding of differing hybrid approaches. Cavity flow results from Reynolds-averaged

Navier–Stokes and hybrid simulations are compared with experiment and large-eddy simulation predictions.

Evaluation of important flow characteristics illustrates the abilities of these advanced turbulence modeling

techniques comparedwith traditional Reynolds-averagedNavier–Stokesmodels. Examination of the influence of the

grid, time step, and simulation period demonstrates the sensitivity of the aerodynamic and aeroacoustic predictions

to these parameters. In particular the subgrid-scale blended model, GT-HRLES, shows significant improvement in

the ability to capture the acoustic signatures and flowfield features on a Reynolds-averaged Navier–Stokes or

very-large-eddy-simulation grid compared with the other models.

Nomenclature

a1 = Menter eddy viscosity parameter
arg2 = blending parameter argument for Menter

two-equation model
Cl = turbulent �kl�sgs production constant
CN = total normal force coefficient
C� = eddy viscosity constant
cv = constant volume specific heat
C";k = turbulent kinetic energy dissipation constant
e = total energy
e0 = internal energy
FN = integrated normal force on the cavity floor
F2 = blending parameter for Menter two-equation

model
h = enthalpy
k = kinetic energy
ksgs = turbulent kinetic energy
L = length of the cavity in the streamwise

direction
lsgs = subgrid turbulent length scale
M1 = freestream Mach number
n = Rossiter mode number
Pr = Prandtl number
p = pressure
R = universal gas constant
res = residence periods
Sij = strain tensor
Sref = reference area for normal force coefficient

calculation

SPL = sound pressure level, pref � 2:0 � 10�5 �Pa
T = temperature
t = physical time
U1 = freestream flow velocity
ui = primitive velocity in the i-direction
~ui = mass-weighted average flow speed in the

i-direction
xi = physical coordinate in the i-direction
y = distance to nearest surface
y� = distance to nearest surface in viscous length

scales
�1 = Menter k-! shear stress transport inner

parameter
�� = Menter k-! shear stress transport turbulent

kinetic energy destruction parameter
� = Rossiter equation empirical parameter
�1 = Menter k-! shear stress transport turbulent

dissipation inner production parameter
� = grid length scale
�ij = Kronecker delta
� = Menter k-! shear stress transport parameter,

Rossiter equation empirical parameter
� = molecular viscosity
� = kinematic viscosity
�t = turbulent viscosity
� = local flow density
�1 = freestream flow density
� = viscous work
�k = Prandtl–Schmidt number for turbulent kinetic

energy
�k1 = Menter k-! shear stress transport turbulent

kinetic energy inner Prandtl–Schmidt number
�k2 = Menter k-! shear stress transport turbulent

kinetic energy outer Prandtl–Schmidt number
�kl = Prandtl–Schmidt number for �kl�sgs
�!1 = Menter k-! shear stress transport turbulent

dissipation inner Prandtl–Schmidt number
�!2 = Menter k-! shear stress transport turbulent

dissipation outer Prandtl–Schmidt number
	ij = resolved stress on the i-face in the j-direction

	sgsij = subgrid-scale stress on the i-face in the
j-direction


 = blended k-! shear stress transport variable

Presented as Paper 2010-1200 at the 48th AIAA Aerospace Sciences
Meeting Including the New Horizons Forum and Aerospace Exposition,
Orlando, FL, 4–7 January 2010; received 11 March 2010; revision received
22 October 2010; accepted for publication 26 October 2010. Copyright ©
2010 byMarilyn J. Smith. Published by theAmerican Institute ofAeronautics
andAstronautics, Inc., with permission. Copies of this papermay bemade for
personal or internal use, on condition that the copier pay the $10.00 per-copy
fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923; include the code 0021-8669/11 and $10.00 in correspondence
with the CCC.

∗Graduate Research Assistant and Ph.D. Candidate, Guggenheim School
of Aerospace Engineering, 270 Ferst Drive. Member AIAA.

†Associate Professor, Guggenheim School of Aerospace Engineering, 270
Ferst Drive. Associate Member AIAA.

JOURNAL OF AIRCRAFT

Vol. 48, No. 1, January–February 2011

141

http://dx.doi.org/10.2514/1.C031019


�t = turbulent terms to be linearly combined
� = absolute value of the vorticity
! = turbulent dissipation

Subscripts and Superscripts

i, j, k = tensor directions
sgs = subgrid scale
t = turbulent

�:� = mean quantitye�:� = mass-averaged quantity

I. Introduction

S URFACE cavities where quiescent fluid interacts with a
tangential freestream to create a complex flowfield are found in

numerous applications.Weapons bays of aircraft, landing gear wells,
gaps between lifting surface devices, section juncture gaps, car sun
roofs, and open submarine torpedo tubes are just a few examples of
cavity flows. Understanding these flows is important as they involve
many complex phenomena that may include shear layer instability,
flow induced resonance, and turbulence. Vortices leading to strong
acoustic oscillations at frequencies which could be potentially
damaging to the structure may occur or, if the cavity is part of an
aircraft, can result in undesirable noise levels within the cabin.
Further understanding of cavity flows may lead to direct potential
benefits such as reduced fatigue on structures and lower noise levels.

Cavity flows as diagrammed in Fig. 1 may produce high noise
levels when detached shear layers interact with the downstream
corner. Dependent upon the ratio of the length of the cavity to the
depth, shed vorticity may interact with the downstream corner to
produce a feedback loop. Efimtsov et al. [1] found that the unsteady
pressure oscillations are related to theMach number, cavity gap size,
cavity depth, and even leading edge radius. The addition of a cavity
leading edge radius led to significant reduction in the tones relating to
the unsteady pressure oscillations. The step height geometry can also
be altered to reduce the Mach number range which gives high
intensity tones. Experimental studies [2] have ascertained the
unsteady behavior of the shear layer over rearward-facing steps,
revealing different modes of behavior for the flow as a function of the
cavity length to depth ratio. A random flapping of the shear layer
emanating from the upstream corner reattaches to the cavity floor
further downstream for longer cavities, while in shorter cavities, this
shear layer breaks down into small vortices that can be magnified via
Kelvin–Helmholtz instabilities. As the vortices travel downstream,
they interact with the downstream corner and travel back upstream
through the cavity, resulting in a more unstable, complex flow. The
velocity profile of the shear layer of a cavity flow has been examined
by Ritchie et al. [3] and the complexity of the flow revealed directly
through particle image velocimetry measurements. The greatest
streamwise velocities were observed near the cavity corners with the
most vorticity occurring near the center of the cavity opening. The
importance of the interaction of the cavity flow with the downwind
corner has been experimentally confirmed [4], and downstream flow
effects observed include larger downstream pressure fluctuations,
altered shock locations in supersonic flow, and increased
unsteadiness.

Komerath et al. [5] extensively surveyed existing cavity studies in
1987. He classified cavities based on the type of fluid interactions

observed in the cavities: fluid dynamic, fluid-resonant, or fluid-
elastic. Cavities below a certain size or having a low freestreamMach
number were immune from oscillations and resonance. Cavities with
oscillations present were categorized based on the modal traits, the
frequency in relation to the geometry and Mach number, and
boundary or shear layer characteristics. The speed of sound within
the cavity was best approximated by the stagnation speed of sound,
rather than the free speed of sound, since the temperature recovery
factor is generally close to unity, which modifies the frequencies of
harmonic modes. Harmonic suppression studies applying passive
methods including devices to diminish large eddies, spoilers, cowls,
and ramps, or active methods, such as forcing of the shear layer
through cavity air injection were also surveyed.

During the past two decades, many computational studies have
been devoted to cavity flows, ranging from Reynolds-averaged
Navier–Stokes (RANS) with algebraic turbulence models to direct
numerical simulations (DNS).A number [6–10] of these studies have
focused on the evaluation of various mechanisms to reduce noise
sources. Earliest simulations involved the application of RANS
methods, and indeed their relative low cost continues to make them
appealing. Tam et al. [11] analyzed cavity flows using the algebraic
Baldwin–Lomax turbulencemodel with differentmodifications such
as upstream relaxation, the Degani–Schiff first mode modification,
and the multiple-wall model. Through this study, he evaluated the
performance of different Baldwin–Lomax modifications though
their reproduction of cavity flow characteristics, dissipation, mode
frequency identification, and sound pressure levels, although he
noted that no model produced acceptable results in all of the
categories. Using the Baldwin–Lomax model, the reflected vortices
from the downstream corner dissipated before reaching the upstream
wall, and in the process secondary vortices were created deeper in the
cavity, completing the cycle of feedback. Time-averaged sound
pressure levels at the cavity floor center as low as 151 dB and as high
as 169 dBwere observed as a result of this feedback. Shrinivasan and
Baysal [6] also employed a Baldwin–Lomax algebraic turbulence
model to examine the instantaneous and time-averaged character-
istics of a compressible, subsonic flow over a cavity. The time-
averaged results were promising; however, they failed to accurately
reproduce the flow and aeroacoustics occurring at the floor and rear
face of the cavity. Computational fluid dynamics (CFD) cavity
studies with a two-equation k-! turbulence model [7] in low
supersonic freestreamMach numbers confirmed the ability of RANS
to capture large scale structures present in experiment, but while the
method resulted in surface pressures with the characteristic harmonic
modes of cavity flows, large errors in the mode amplitudes were
apparent, and higher frequency harmonics were suppressed. A
secondCFD study [12] using the two-equation k-! turbulencemodel
more accurately reproduced sound pressure levels on the down-
stream wall than the two-dimensional results, though the levels were
still consistently over predicted in both cases. The inadequate
performance of these RANS simulations can likely be attributed to
the inability of the turbulence models to capture the unsteady effects
and small scale structures of the flow, not unexpected as RANS
turbulence models are statistical representations of time-averaged
flows.

At the other end of the cost spectrum are DNS in which no
turbulence model exists, but instead an extremely fine computational
mesh is used to capture all of the turbulence characteristics down to
theKolmogorov scales. Thismethod has resulted in the identification
of the sources of instability for two- and three-dimensional cavity
configurations [13]. The capabilities of DNS to resolve the complex
physics of cavities are mitigated by the computational constraints for
spatial and temporal resolution, resulting in a limited engineering
applicability given current computational resources.

A less costly alternative to DNS is the use of large-eddy
simulations (LES), where the larger turbulence eddy scales are
resolved, and turbulence modeling is employed at scales that are
smaller than the grid (i.e., subgrid-scales). The smaller turbulence
scales are assumed to be more isotropic and contain less turbulent
energy, leading to fewer sources of error than a comparable RANS
solution. Several recent efforts [8,9,14,15] that have applied LES toFig. 1 Basic cavity flow characteristics.
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cavity flows have recently been published. Levasseur’s transonic
cavity simulations [8] illustrate the ability of LES to capture the
Rossiter frequencies at the cavityfloor center. Thornber’s deep cavity
LES simulations [9] also produced flowfields and sound pressure
levels that correlated very well with experiment. Additional LES
studies solving a form of the lattice-Boltzmann equation on small
aspect ratio cavities [14] included deep cavities and cavities with
overhangs. Deep cavities revealed a dual vortex structure, with a
strong vortex in the deeper part of the cavity. These simulations could
be performed at only moderate Reynolds numbers due to computa-
tional cost, a significant problem with pure LES simulations.

Unconventional cavity geometries have also been examined using
LES methods. Mincu et al. [15] has carried out LES studies for a
cavity having a circular cross section to ascertain the sound
development and subsequent radiation from a cavity flow. As with
the rectangular cavity cases, discrete frequencies dominated the
acoustics, but wind tunnel installation effects were the most
important factor. Drag increase due to the cavity was also examined
in the circular cavity studies. All studies mentioned previously were
for subsonic or low transonic regimes. Other LES studies have also
attempted to model the important acoustics that occur in the
supersonic regime over rectangular cavities [16], to develop a model
to correlate the change in frequencywith change in cavity aspect ratio
and Mach number.

Given the relatively high computing cost of LES, interest in recent
years has focused on the development of hybrid RANS-LES
turbulence methods that can be applied to both less refined [RANS/
very-large-eddy-simulation (VLES)] and more refined (LES) grids.
Syed applied a detached eddy simulation (DES) with the Spalart–
Allmaras RANSmodel (SA-DES) on cavity flows [17] and observed
that modes in the sound pressure levels were predicted much better
than with traditional RANS simulations. SA-DES was also applied
by Mahmoudnejad and Hoffmann [18] on a three-dimensional
cavity, producing good experimental agreement of the mean
pressures along the cavity floor. A comparison of SA-DES and
hybrid RANS/LES using the two-equation k-"model [19] for cavity
flows demonstrated the ability of DES to generate results similar to
LES using an order of magnitude fewer grids points. Li and Hamed’s
[20] focus on the effect of the wall boundary conditions on the
flowfield acoustics used a hybrid method with a low cost RANS
model in the attached flow region and LES in the separated region.
The authors found that an inviscid sidewall boundary condition
produced better results with the hybrid simulations than a periodic
sidewall boundary condition.

This study examines a transonic flow over a rectangular cavity
with a moderate size grid comparable to RANS or VLES computa-
tions, correlating the predictions of several hybrid turbulence
techniques with experiments and other simulations. The highly
unsteady nature of the flow with strong vortex shedding and large
degrees of separationmay lead to smearing of theflow characteristics
using traditional RANS turbulence methods, as noted in the prior
studies discussed. Previous cavity studies have used DES-based
methods, while here hybridRANS-LESblendedwith theMenter k-!
shear stress transport (SST) RANS model (GT-HRLES) and LES-
VLES hybrid (KES) methods are evaluated for frequencies below
500 Hz. It is important to note the the differences in these hybrid
approaches. The hybridization of DES provides a single model that
acts in a traditional RANS manner near the wall, and provides a
filtering approach, which is grid dependent, for subgrid-scale
modeling in the separated regions [21,22]. The DES-SST method is
applied in this study, but differs from additional methods also studied
in this work, which provides blending of the RANS turbulent kinetic
energy with an LES subgrid-scale model. The addition of KES
simulations provides a differing technique by modeling transport of
kinetic energy and an energy/length scale term, rather than
dissipation. Each hybrid approach illuminates sources of differences
and applicability of the models through the results. Previous
successful LES cavity studies [8,14,15,20] lend credence that LES
turbulence methods with subgrid-scale models merged into legacy
RANS codes may provide similar success with fewer computational
resources.

II. Experiment Correlation

The generic cavity rig used by QinetiQ for a set of cavity
experiments [23] was chosen as the correlation configuration in this
study. These experiments have also formed the basis for correlation
by a number of computational simulations [8,17,18,24] using LES
and DES with Spalart–Allmaras, k-! SST, and k-" turbulence
models. Each computational study has examined the mean or
unsteady pressure at one or more locations along the cavity floor.

The cavity was embedded in a rig mounted on a sting, and the
pressures across the cavity floor were monitored in at various
freestream steady flows. The experimental study varied the depth of a
rectangular cavity having a length of 0.508 m and a width of
0.1016 m. Shallow (0.0508 m) and deep (0.1016 m) cavities were
examined. No cavity motion, inclination, or yaw was considered.
The rig had a length of 1.8288 m with the leading edge of the cavity
located at 0.7874 m, and a width of 0.4318 m with the cavity
centerline offset by 0.0254 m from the rig centerline. Pressure
measurements were taken using static pressure transducers along the
cavity floor at 10 locations and the rig at 28 and 14 locations ahead
and aft of the cavity, respectively. Mach numbers of 0.6, 0.85, and
1.35 were studied with total pressures ranging from 101.65 to
102.55 kPa and total temperatures from 302.32 to 311.35 K.

For comparison with the results from other computational studies,
this work evaluated the deep cavity (5:1:1) at aMach number of 0.85
near sea-level standard atmospheric conditions with a total pressure
of 101.65 kPa, total temperature of 302.32 K, and Reynolds number
of 1:38 � 107. The static temperature from isentropic relations is then
263 K, resulting in a flow speed of 276 m=s. Although data are
available at multiple axial stations, results are compared at only
station K23. Comparisons at multiple stations would give additional
data, but may detract from the clarity of the application of multiple
turbulence models.

III. Computational Setup

The simulations were performed using theOVERFLOW2.1z [25]
flow solver. A fourth-order central-difference Euler scheme resolved
the spatial flowfield, while a second-order temporal integration
scheme was achieved via a diagonalized beam-warming scalar
pentadiagonal algorithmwithNewton subiterations. After evaluation
of the different artificial viscosity schemes within the code to
determine which was the least dissipative, numerical viscosity to
stabilize the scheme was added in the form of a fourth-order
generalized thin-layer Navier–Stokes dissipation scheme. This
dissipation scheme adds smoothing to �h0 in the form of dissipation
coefficients to the second- and fourth-order discretization of the
spatial derivatives. Based on computational evaluations, second and
fourth-order dissipation coefficients of 2.0 and 0.04, respectively,
were the minimum values that provided stability without overly
dissipating the features of the cavity flowfield.

The fluid composition assumes air is a perfect gas having a
constant ratio of specific heats of 1.4. The cavity simulations were
computed with dimensional time steps ranging from as small as
3:62 � 10�6 to as large as 2:00 � 10�5 seconds for total simulations
time ranging from 0.0663 to 0.5000 s. The smallest period is
equivalent to a fluid element traveling 36.6 grid lengths or residence
periods, whereas the longest period is equivalent to 276 residence
periods. Explicitly, a single residence period is defined as

tresidence �
L

U1
(1)

A freestream turbulence intensity of 10% and normalized
turbulent kinetic energy of 10�6 were prescribed to initialize the
simulation.

A. Grid

Two-dimensional slices of the cavity grid are presented in Figs. 2a
and 2b, respectively. This grid, referred to as grid 2R, has outer
boundaries that correspond to Levasseur’s M3 LES grid [8]. An

LIGGETTAND SMITH 143



overset approach has been applied with a refined grid to model the
internal cavity with a second mesh to model the area external to the
cavity. The cavity grid extends 0.2422 m into the flowfield grid and
applies an overset approach to exchange information between the
grids. There are 161 grid points along the length of the cavity, 188
grid points from the cavity floor to the overset boundary, with 73 of
those grid points overlapping the flowfield grid, and 115 grid points
across the cavity width. Stretching and spacing between the cavity
and external flow grids are matched for the overlap boundary at the
cavity opening.

The area (and grid) external to the cavity is 2.032m (297 points) in
the streamwise direction, 0.6096 m (241 points) in the spanwise
direction, and 1.016 m (95 points) in the direction normal to the
external wall. Themiddle of the cavity opening is in themiddle of the
bottom external flow wall as seen in the grid orthogonal view in
Fig. 3. The initial grid spacing normal to the wall for both grids is
3:0 � 10�6 m, yielding a viscous grid spacing of y� < 1:0 at thewall.
The wall and internal cavity surfaces are viscous and modeled as
adiabatic boundary conditions with pressure extrapolation. The
inflow and outflow conditions employReimann invariants consistent
with thework of other authors [26], and as this study aims to produce
results on par with previous LES studies by other authors, similar
boundary conditions [8,17,24,27] were desired. The two side
boundaries corresponding to thewidth axis of the cavity were treated
as symmetry planes. The overset boundaries between the two grids
were interpolated with three fringe points.

B. Turbulence Simulation Techniques

The fully compressible mass, momentum, energy, and turbulence
transport equations are solved using an implicit finite-differencing
scheme and integrated in a time-accurate manner with the fully
viscousNavier–Stokesflow solverOVERFLOW[25].OVERFLOW
uses an overset grid approach where structured grids are used to
simulate complex geometries, allowing one to combine body-fitted
near-body grids with background grids to cover the entire domain of
interest. This approach gives the simplicity of a structured solverwith
complex geometries that would normally demand use of an unstruc-
tured solver, requiringmore programming andmemory overhead. At
physical features such as viscous walls or far-field inlets, conven-
tional boundary conditions are used. For the case of overlapping
grids, interpolation between the edge nodes of the grids gives the
conserved field variables. OVERFLOW is capable of time-accurate
simulations of complex geometries with many elements that may
move relative to each other with any desired motion. Internal and
external flows may be investigated.

The governing equations solved by OVERFLOW [28] are
outlined. TheNavier–Stokes equationsmay bewritten invector form
with respect to a generalized coordinate system as

@q

@t
� @E
@�
� @F
@�
� @G
@


(2)

The generalized coordinates are �,�, and 
, whereas thefluxes in each
direction are E, F, and G. The vector of conserved scalars is

q

V

�
�u1
�u2
�u3
�e0

2
66664

3
77775 (3)

Here, �, ui, p, and e are the unknown field variables of density,
velocity in each of the three directions, pressure, and total energy per
unit mass, respectively. The control size is V. These equations are
linearized and a pseudotime term is added to allow subiteration and
faster iterative numerical schemes to be employed. The resulting
system is�

I � �t

�1� ���	 �
�t

1� � �@�A� @�B� @
C�
�
�qn�1;m�1� (4)

�
�
�qn�1;m � qn� � �

1� ��q
n � �t

1� �RHS
n�1;m

�
(5)

To provide second-order temporal accuracy �� 1=2 is used in this
study. The fluxes create the right-hand side term as

RHS � @E
@�
� @F
@�
� @G
@


(6)

With five equations in six unknowns, a state equation is needed to
close the system. Using the perfect gas assumption, the internal
energy per unit mass can be related to the temperature by

e0 � cvT (7)

The proportionality constant is cv, the specific heat at constant
volume. The internal energy per unit mass is now related to the total
energy per unit mass using Einstein notation for repeated indices by

e� e0 �
1

2
ukuk (8)

Finally, the system of equations is now closed using the state relation

p� �RT (9)

This is a system of six equations in six unknowns. The system
could be solvedwith no further analysis using discretizationmethods

Fig. 2 Cavity grid profile view.

Fig. 3 Cavity grid orthogonal view.
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with appropriate integration and boundary conditions. Unfortu-
nately, such an approachwould likely lead to the need of tremendous
amounts of computer resources for even the smallest of solution
domains to capture the physics of the flow. As such, the turbulent
length scales are split into resolved and unresolved regimes. The
resolved portions may be solved as usual with a grid fine enough to
reproduce the flow features, while the unresolved parts may be
modeled to reduce computational requirements of the problem. The
unresolved subgrid-scale stresses use an eddy viscosity model and
are calculated from

	sgsij � 2 ���t

�
~Sij �

1

3
~Skk�ij

�
� 2

3
��ksgs�ij (10)

The turbulent eddy viscosity, �t, and the turbulent kinetic energy,
ksgs, are calculated using one of several turbulence approaches.

These are the equations that are solved by OVERFLOW. In
addition to the Navier–Stokes equations, OVERFLOW has the
capability of using any one of a number of turbulence techniques,
including no turbulence modeling, algebraic model, one-equation
models, and two-equation models. This study focuses on the two-
equation approaches available in OVERFLOW.

1. Menter k-! SST Approach

The first turbulence approach is available as an option in the
unmodified OVERFLOW code. This technique is the Menter k-!
SST two-equation turbulencemodel [29], developed as an alternative
to the standard k-!model [30], which transports the turbulent kinetic
energy and turbulent dissipation using the following transport
equations:

@�k

@t
�
@�ujk

@uj
� 	ij

@ui
@xj
� ���!k� @

@xj

�
��� �k�t�

@k

@xj

�
(11)

@�!

@t
�
@�uj!

@uj
� �

�t
	ij
@ui
@xj
� ��!2 � @

@xj

�
��� �!�t�

@!

@xj

�

� 2�1 � F2���!2
1

!

@k

@xj

@!

@xj
(12)

The constants are calculated by the blending function, 
, where


� F2
1 � �1 � F2�
2 (13)

and the blending parameter is

F2 � tanh�arg42� (14)

arg 2 �max

�
2

���
k
p

0:09!y
;
500�

y2!

�
(15)

where y is the distance to the nearest viscous surface. The turbulent
eddy viscosity is computed from

�t �
a1k

max�a1!; �F2�
(16)

where � is the absolute value of the vorticity with a1 � 0:31. The
SST set 1 inner variables are set to �k1 � 0:85, �!1 � 0:5,
�1 � 0:0750, �� � 0:09, and �� 0:41. The turbulent dissipation
inner production parameter is

�1 �
�1

��
� �!1

�2������
��

p (17)

The outer layer constants include �k2 � 1:0, �!2 � 0:856,
�2 � 0:0828, �� � 0:09, and �� 0:41. The turbulent dissipation
outer production parameter is computed as

�2 �
�2

��
� �!2

�2������
��

p (18)

2. DES Approach (DES-SST)

The DES approach, available in the unmodified OVERFLOW
code [31], relies on a redefinition of the length scale used in the
Menter SST equations for dissipation of the turbulent kinetic
energy. The length scale of the SST model in terms of the transport
variables is

l� k
1
2

��!
(19)

The redefined DES length scale is

lDES �min�l; CDES max��x;�y;�z�	 (20)

Here, CDES is blended using the Menter blending function, where
CDES1

� 0:78 and CDES2
� 0:61. This new definition alters the

turbulent kinetic energy dissipation term from Dk � ���k!�
�k3=2=l toDk � �k3=2=lDES. The effect of this change is an increase in
the turbulent kinetic energy dissipation in regions where the grid size
is smaller than the estimated turbulent length scales, allowing the
solver to resolve rather than model larger eddies.

3. Hybrid RANS-LES Approach (GT-HRLES)

The GT-HRLES [32] and DES-SST techniques both employ the
Menter k-! SST base model, but use differing approaches for the
unresolved turbulence. The GT-HRLES method uses the subgrid
length scale as a filter and explicitly blends the kinetic energy of the
two-equation SST model with a one-equation subgrid-scale kinetic
energy model using the Menter blending function. This differs from
the DES-SST method which redefines the length scale as a filtering
method, but uses the Menter equations to perform this subgrid
modeling. The GT-HRLES approach was added to OVERFLOW
2.0y by Shelton et al. [33] and originally relied on a DES-like
assumption. This work extends the implementation to include the
subgrid-scale turbulence model. Beginning with the Menter two-
equation k-! SST formulation as given in Eqs. (11) and (12) for the
transport of turbulent kinetic energy and dissipation, respectively, the
addition of a an LES turbulent kinetic energy equation gives

@ ��ksgs

@t
� @ �� ~uik

sgs

@ui
� 	sgsij

@ ~ui
@xj
� C" ��

�ksgs�3=2
��

� @

@xi

�
��

�
�

Pr
� �t
Prk

�
@ksgs

@xi

�
(21)

Here, the eddy viscosity is

�t � C� ��
��������
ksgs
p

(22)

The length scale is

��� ��x�y�z�13 (23)

The turbulent terms of the Menter k-! SSTand the LES turbulent
kinetic energy terms may be linearly combined [34] to form

�t � F2�
RANS
t � �1 � F2��sgs

t (24)

The blending function F2 is defined in Eqn. (14).

4. LES-VLES Approach (KES)

The last addition to OVERFLOW is the LES-VLES (KES)
turbulence technique, developed by researchers at Georgia Tech
[35,36] and originally implemented in the OVERFLOW 2.0y code
by Shelton et al. [33], which resolves two k and kl turbulence
equations, and provides an approach that adjusts and may resolve
scaleswhen grids are employed inDirect Numerical Simulation up to
VLES. This approach differs from the other approaches in that it
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directly calculates the length scale, rather than relying on the grid
spacing. The Favrefiltered transport equations are for the subgrid ksgs

and �kl�sgs are

@ ��ksgs
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These equations give the subgrid velocity scale, �ksgs�1=2, and the
subgrid length scale lsgs. The constants used for these equations are
set to C";k � 0:916, Cl � 1:06, �k � 0:9, �kl � 2. The dissipation
coefficient for �kl�sgs is

C";kl � 0:58� 2
C�
�kl

�
@lsgs

@xj

�
2

(27)

where the eddy viscosity constant is C� � 0:0067.

IV. Results

The results of the simulations are compared in terms of the
aeroacoustic properties and convergence characteristics of integrated
cavity floor pressures. The aeroacoustic behavior for the cavity has
been determined by applying Fourier transforms to the pressure data
at the cavity floor center. The mode frequencies and amplitudes for
each turbulence technique are recorded from the transformed data
and compared with experimental values via relative errors. For the
experimental data [23], unsteady pressure information was gathered
at sensor locations using Kulite pressure transducers with the data
determined to an uncertainty of 12 Hz. The data are also compared
with the Rossiter frequency modes [37]:

fn �
U1
L

n � �
M1 � 1=�

(28)

The referencevelocity,U1, and referenceMach number,M1, are the
freestream velocity and Mach number, respectively, that correspond
to U1 � 276 m=s and M1 � 0:85 for this study. The reference
length, L, is the streamwise cavity dimension of 0.508 m. The
parameters � and � are provided from experimental results with � set
typically to 0.57, while � varies between 0 for a deep cavity and 0.57
for a shallow cavity. The desiredmode is calculated by settingn equal
to the mode number. A value of � � 0:307 is applied in this work to

permit direct comparison with Levasseur et al. [8]. A reference
pressure of 2:0 � 10�5 Pa is used for calculation of sound pressure
levels.

A. Grid Spacing Study

The influence of grid spacing on the simulations was examined via
initial normal wall spacings with a rate of expansion of less than 15%
to identify the normal and length spacing (the spacing in the direction
of the width was constant). The largest aspect ratio at the wall varied
from 0.128 for the coarsest normal spacing up to 12,800 for the finest
normal spacing. The wall spacing was varied from 3:0 � 10�2 to
3:0 � 10�7 m, resulting in refined grid. For each case, the wall stress
was calculated from the gradient of the flow at thewall. Convergence
of the shear stress was used as a criterion for the minimum necessary
initial normal wall spacing in Table 1. With a shear stress change of
0.7% between the two finest spacings, an initial normal spacing of
3:0 � 10�6 is considered converged.

The grid setup used here is compared with other works such as a
study by Allen and Mendonca [24] which has y� < 300, and
simulations by Syed and Hoffmann [17] which have y� < 2. It is
clear that a large viscous spacing near 300 at the surface will not
properly capture the surface physics; however, the viscous spacing
near 2 may properly reproduce the near-wall flow. The average grid
spacing of the different setups is similar where Allen, Syed, and this
study have mesh spacings of 1:89 � 10�2, 1:56 � 10�2, 1:64�
10�2 m, respectively, within the cavity.

B. Influence of the External Grid Domain

Experimental investigations of cavities, such as [4] have noted the
interaction of the cavity with the downstream external flow. In
subsonic freestream configurations, this interaction may influence
the cavity behavior, and the numerical control volume should be
large enough to capture these potential interactions. To examine the
influence of the external grid domain on the analysis, two meshes
with different far-field boundary locations (Table 2) were evaluated,
similar to the analysis by Levasseur et al. [8]. The cavity dimensions
and grid remained constant for this study. The number ofmesh points
used in the external grids were not altered between grid 1R and grid
2R. The simulations performed by Levasseur et al. [8] differ
somewhat from this study as Levasseur employed unstructured grids,
whereas grids 1R and 2R are structured grids. The unstructured
meshes in the study by Levasseur have 3 � 106 elements for the
coarse M1 mesh and 9 � 106 elements for the fine M3 mesh. The
physical dimensions of Levasseur’s meshesM1 andM3 are the same
as grids 1R and 2R, respectively, from Table 2. In the LES study by
Levasseur et al. [8], M1, the smaller domain grid, does not obtain as
high a quality solution as the larger domain grid, and similar
conclusions have been observed here using the hybrid RANS/LES
method. The pressure histories for the two simulations in Fig. 4
illustrate that the pressure oscillations predicted in mesh 1R have a
lower amplitude and higher frequency than those oscillations found
in the 2R pressure history.

The influence of the extent of the external domain can also be
observed on the harmonics of the pressure at the midpoint of the
cavity floor (Table 3). The mode frequencies are compared with
experimental values which have an error of 12 Hz. This error
corresponds to 3.4% of the total for the low frequency mode 2 and
1.4% of the total for the high frequency mode 4. While the current
simulation using the smaller extent grid has about 1=3 of the LES
error for mode 2, the errors at higher harmonics are 3–5 times larger
than the errors of the LES simulation. The smaller domain

Table 1 Grid solution convergence with varying initial

normal wall spacings

Wall spacing, m Wall shear stress, Pa Viscous wall spacing

3:0 � 10�2 0.8 351.7
3:0 � 10�3 5.9 96.3
3:0 � 10�4 44.0 26.3
3:0 � 10�5 69.0 10.3
3:0 � 10�6 86.7 0.92
3:0 � 10�7 87.3 0.11

Table 2 Grid comparisons for small and large grid domains

Grid Streamwise, m, nodes Spanwise, m, nodes Height, m, nodes

1R, External Flow 1.3208, 297 0.4064, 241 1.016, 95
2R, External Flow 2.0320, 297 0.6096, 241 1.016, 95
1R and 2R, Cavity 0.508, 161 0.1016, 115 0.1016, 115
—— —— —— �0:1406 overset, �73
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simulations using both LES and hybridRANS/LESmethods result in
errors up to 25–30% compared with the experimental values. The
larger domain M3 mesh results are also listed in Table 3, which
demonstrate that the errors for the current simulations are of the same
order as the LES simulations, even with the smaller mesh sizes that
correspond to RANS/VLES level simulations. While the LES
predictions have the largest improvement for the lowest mode with
the M3 mesh, the GT-HRLES results show the most improvement at
the higher modes.

Data are not available for mode 1, as a much longer simulation is
required to accurately capture lower harmonics, and for many
applications the higher harmonics are of more interest. The increase
in the outer domain size from the close far-field mesh 1R to the
distance far-field mesh 2R can result in a drop in error in the predic-
tion of the mode frequencies of an order of magnitude, validating the
use of a larger andmore costly grid domain. The predictions using the
1R grid do not fall within the experimental error bounds of 12 Hz,
however, the predictions using the 2R grid fall within these error
bounds. These results indicate a strong sensitivity to boundary
condition contamination for a small domain using these hybrid and
URANS methods, similar to the findings of Levasseur et al. [8] for
LES methods.

C. Spectral Estimation

The desire to properly capture acoustics within the flow
necessitates an analysis of the approaches employed to determine the
frequency spectrum. The cavity LES work of Levasseur et al. [8]
employed the Burg method of spectral estimation [38,39] in
determining the sound pressure levels within the cavity, rather than
traditional fast Fourier transform (FFT). This method has been used
in other studies [40,41] with the desired of improving the power
spectrum predictions of a temporal series. The resulting spectra are
smoother and reduce requirements on data, but this approach may
result in peak splitting, giving spurious modes. This is a concern
when a higher order analysis is used, and care must be taken in
choosing the length of the analysis filter. To determine if this
approach should be considered in this work, a comparison with FFT
is appropriate. A review of this spectral estimation approach found in
Burg [38,39] follows.

The pressures constitute a series, wherepn is the nth value and the
sampling period is �t. The autocorrelation of these pressure is


�	� � lim
T!1

1

2T � 1

XT
n��T

pnpn�	 (29)

The power spectrum of this pressure series is defined as

P�f� � 1

W

X1
	��1


�	� cos�2�f	�t� (30)

Here,W � 1
2�t

, andf is defined on the interval �0;W�. The entropy of
this power spectrum is related toZ

W

0

log�P�f�	 df (31)

The goal of this method is to determine the power spectrum that has
the maximum entropy, but is constrained so that the spectrum agrees
with the autocorrelation values. This constraint can be written
mathematically asZ

W

0

P�f� cos�2�f	�t� df� 
�	� (32)

This maximum entropy spectrum is

P�f� �
PN�1
W

j1�
P

N
n�1 �n�1e

�i2�fn�tj2 (33)

The key component of spectral estimation is the evaluation of the
autocorrelation values. Autocorrelation of this series may be
estimated by Eq. (29). The problem with this estimation lies in the
implicit assumption that the data before and after the limits of the
series are either zero or repeat periodically as assumed by FFT. Burg
[38,39] avoids this edge distortion by directly relating the
autocorrelation coefficients to the power. These filter parameters
values are then determined in a recursive manner beginning with a
two-point autocorrelation prediction error. The filter of the pressure
defined by pi�1 � �1pi has a total forward and backward squared
error of

P2 �
1

2�N � 1�

�XN�1
i�1
�pi�1 � �1pi�2 �

XN�1
i�1
�pi � �1pi�1�2

�
(34)

The minimum error is achieved when the filter parameter is
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The next level of recursion beginswith the error of a three-pointfilter:

P3 �
1

2�N � 2�

�XN�2
i�1
�xi�2 � �2xi�1 � �3xi�2

�
XN�1
i�1
�xi � �2xi�1 � �3xi�2�2

�
(36)

A value of �2 � �1�1� �3� is substituted to guarantee the estimate
of the one-point autocorrelation agree between the two and three-
point predictions. The minimization of P3 gives the prediction
parameter �3. Along with the previously calculated �1, �2 can be
calculated completing knowledge of the three-point parameters.

Table 3 Mode frequencies on the cavity floor for differing turbulence models and meshes

Data source Mesh Mode 2, Hz Error, % Mode 3, Hz Error, % Mode 4, Hz Error, %

Experiment [23] —— 353
 12 —— 594
 12 —— 838
 12 ——

LES [8] M1 462 30.9 625 5.2 873 7.1
KES 1R 337 �4:5 675 13.6 1012 24.5
LES [8] M3 362 2.5 594 0.0 813 3.1
GT-HRLES 2R 379 7.4 611 2.9 846 4.0
KES 2R 377 6.8 628 5.7 844 3.8

Fig. 4 Pressure history at the cavity floor center for the smaller

flowfield cavity setup.
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In a similarly recursivemanner the parameters of the filter up to the
desired order of prediction are determined. This procedure is
continued until the desired number of filter points (the order) of the
system is reached. These parameters are substituted into Eq. (33) to
obtain the estimation of the power spectrum:

p�t� � sin�2� � 1 � t� � sin�2� � 2 � t� � sin�2� � 3 � t�
� sin�2� � 4 � t� (37)

A comparison of the results of the cavity simulation with 0.5 s of
GT-HRLES data analyzed using Burg’s [38,39] methods with
varying orders (Fig. 5) demonstrates sensitivity of the method to the
chosen order. At the lowest order of 500, the spectrum has a high
degree of smoothing with variation in the data reduced, whereas at
the highest order of 2000 the data show spurious peaks and even a
triple peak at the 594 Hz peak. An order of 1000 provides a balance
between reproducing variability in the data without additional peak
splitting. As previously outline, sensitivity to order demands careful
consideration to avoid spurious peaks.

The results of Burg’s [38,39] spectral estimation using an order of
1000 as compared with traditional FFT (Fig. 6) have much smoother
sound pressure levels and lower sound pressure levels at the higher
frequencies. With Burg’s [38,39] method a large order is needed to
allow the complex spectrum to be reconstructed, resulting in the
attenuation of higher frequencies due to the dependence of the
prediction parameter on the longer period oscillations. The predicted
mode frequencies (Table 4) fall within the error bounds of the
experiment and analysis. The similar predictions for the acoustics in
terms of themode frequencies and amplitudes (Tables 4 and 5) might
lead to the conclusion that Burg’s [38,39] method is desirable, due to

its smoother frequency spectrum, however, the sensitivity to the
order creates a source of uncertainty in the approach. Therefore, the
traditional FFT analysis is applied for the remainder of the analysis
within this paper.

D. Flowfield Evaluation

In prior computational analyses, it was noted [11] that the RANS-
based methods were able to capture the large flowfield features but
dissipated the vorticity over time. This behavior is examined here by
comparing the flowfields from each of the different turbulence
simulations at two different simulation times. In Fig. 7, the flowfield
vorticity at 8 ms is seen on the left, while the flowfield 2 ms later is
shown on the right. All methods capture the separation after the
upstream corner of the cavity, leading to a recirculation region
immediately behind the backward facing step and vortex shedding
which reaches the downstream corner. Vorticity at the downstream
corner travels either over the corner or towards the bottom of the
cavity via the rear wall. The feedback loop of vorticity is reproduced
in each set of data, however, significant differences in the overall
character of the flowfields for each simulation.

The traditional RANS flowfield defines several vortical structures
in the shear layer that have developed from the forward edge of the
cavity. As time progresses, the vortices, as noted by vortex A, move
downstream and impinge on the aft cavity wall. Vortices resulting
from this wall impingement travel forward toward the front of the
cavity, as illustrated by vortex B. One issue in this flowfield is the
high degree of dissipation. Although the flow separates at the
upstream corner, separation is not apparent at the downstream corner
and vorticity within the cavity is relatively weak. This field differs
significantly from the DES-SST simulation, which captures a large
amount of vorticity. This fact is attributed to the subgrid-scale
modeling allowing resolution of eddies that are modeled in
traditional RANS. In the DES-SST vorticity flowfield in Fig. 7b,
vortex A travels downstream impinging on the corner, while vortices
B and C are traveling upstream across the cavity floor. Although
much more vorticity is captured by the DES-SST method, the GT-
HRLES approach predicts stronger vortex cores. Moreover, the
effect of the cavity extends further into the farfield than theDES-SST
results with more shed vorticity. Separation on the downstream
corner is stronger for the GT-HRLES technique thanDES-SSTwork.
TheKES simulation does not capture as complex of a flowfield when
compared with the hybrid RANS-LES data, but it captures more of
the vortical structures than traditional RANS. The vortex cores are
weaker for the KES data than in the GT-HRLES case, but stronger
than those acquired via the traditional RANS and DES-SST models.
The shear layer downstream and cavity flow upstream vortex motion
are clearly seen in vortices labeled A, B and C, D, respectively. The
vorticity captured by the DES-SST and GT-HRLES simulations
missing in the KES data may be attributed to the direct transport of
turbulent dissipation in conjunction with subgrid-scale modeling in
contrast to the KESmethodwhich scales the �kl�sgs term. Dissipation
throughout the flowfield is better preserved using the DES-SST and

Fig. 5 Sound pressure levels at the cavity floor center using Burg’s

[38,39] method with varying orders.

Fig. 6 Sound pressure levels at the cavity floor center using Burg’s

[38,39] method and FFT.

Table 4 Peak mode frequency error for differing

spectral methods

Mode FFT error, % Burg [38,39] error, %

2 �3:9 �4:6
3 �0:4 �3:2
4 �4:6 �4:0

Table 5 Peak mode amplitude error for differing

spectral methods

Mode FFT error, % Burg [38,39] error, %

2 �0:4 2.2
3 �3:7 �5:4
4 5.4 4.6
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GT-HRLESmethods, resulting in the flowfield having many distinct
vortices.

E. Flow Development

Initial investigation of subsidence of the initial flow transients of
the integrated load coefficients for the simulations is presented for
grid 2R. The cavityfloor pressurewas integrated over the cavityfloor
and normalized to coefficient form:

CN � FN
�

1

2
�1U

2
1Sref (38)

As the pressure changes across the floor, the integrated normal force
will provide ameasure of the time at which the initial transients in the
flowhave died down. The coefficient of normal force is illustrated for
each of the turbulence approaches in Fig. 8. In each case the
coefficient of normal force shows some degree of oscillation

Fig. 7 Vorticity within the cavity for the different turbulence methods. The flowfield at 8 ms is on the left and at 10 ms on the right.

Fig. 8 Periodic development of normal force on the cavity floor.
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resulting from the unsteady vortex structure within the cavity. The
k-! SST results have the weakest oscillations, as expected from the
highly dissipativemodel. Variations for theDES-SSTdata are greater
than for traditional RANS, but the GT-HRLES data demonstrate the
largest multiscale oscillations. The LES-VLES approach captures
stronger oscillations than traditional RANS, but differs from DES-
SST and GT-HRLES as it has differing transported properties.

The pressure histories at the cavityfloormidpoint in Fig. 9 indicate
a strong simple harmonic content over much of the time period,
indicative of the influence of the vortical feedback loop, although the
magnitude and phase of the pressure varies for each of the three
turbulence approaches. The DES-SST and GT-HRLES pressures
also contain higher harmonics not present in the other two methods
resulting from the higher vortical activity observed in Fig. 7.

The pressure histories were then analyzed by taking the frequency
transform to obtain acoustic and frequency characteristics. Data
analysis begins after the starting transients have exited the
computational domain and periodicity in the solution is observed.
Three different analysis intervals of 5.81, 11.70, and 17.36 residence
periods that use subsequently more data from the pressure history
trace were examined to ascertain the time required for the initial flow
transients to subside. These intervals correspond to an integer-based
number of pressure cycles from the pressure data in order to avoid
biasing of the data.

The mean pressure on cavity floor (Table 6) provides a starting
point in determining if the initial transients have died out, which is
defined as when the mean pressure changes were less than 1.5%

between analysis intervals. The mean pressure for the k-! SST
simulation final averaged value obtained is 2.9% higher than the
mean pressure from theGT-HRLES simulation and 3.8%higher than
the KES simulation predictions. The DES-SST results fall between
traditional RANS and the higher fidelity methods. This discrepancy
between the RANS and hybrid results is explained by the dissipative
nature of the RANS approach. The k-! SST, DES-SST, and KES
simulations have pressure changing less than 1.5% by the end of the
analysis interval. For the GT-HRLES case, the simulation time was
extended for an addition 8 residence periods to ensure the flow was
fully developed. A change of less than 0.1% was computed when
compared with the 17.36 residence period case confirming the fully
developed cavity flow.

In addition to static pressure analysis, dependency of the solution
on the interval of data analysis is necessary through the acoustic
response of the flow. This analysis provides evidence that adequate
data is contained to obtain a refined frequency spectrum. The
frequency analysis of the pressure history data in Fig. 9 presents
frequency characteristics in the form of the sound pressure levels in
Fig. 10. Each of the analysis intervals is indicated by a different line
style. As expected, the results from the shortest (5) residence period
analysis do not correlate well with the experimental data, as enough
time is not included to resolve the harmonics. The traditional RANS
data containing the longest time interval capture the frequencies of
modes 2, 3, and 4, but do not accurately predict their amplitudes. The
hybrid simulations indicate lower amplitude at very low frequencies,
which are not observed in the RANS case, where the amplitude

Fig. 9 Pressure history on the cavity floor.

Table 6 Mean pressures at the cavity floor center for OVERFLOW simulations

Case Pressure, 5.81 res, kPa Pressure, 11.70 res, kPa Pressure, 17.36 res, kPa

k-! SST 163.0 160.6 159.4
DES-SST 160.3 156.8 156.9
GT-HRLES 158.9 156.9 154.9
KES 151.8 152.8 153.5
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continues to increase as the frequency drops. For the KES simula-
tion, the first two modes merge into one single mode for the
shortest analysis interval, but become distinct as the analysis inter-
val is increased. As the amount of pressure data increases with
longer analysis intervals the harmonic content becomes more
pronounced. Tables 7 and 8 for the frequency locations and
amplitudes, respectively, indicate convergence to values that agree
the with experimental results to within the error bounds.
Experimental data, analytical predictions from Rossiter, and LES
results are also shown for comparison. The longest analysis time
period yields errors of less than about 10% of the mean (within the
12% error bound) for the harmonic frequencies and amplitudes. The
RANS method performs as well as the hybrid methods in
determining the frequencies and amplitudes of the harmonics though
the high mean pressures and sound levels at low frequencies provide
evidence of its predictive limitations. The DES-SSTand GT-HRLES
methods predict harmonic modes are more distinct than those
predicted by the KES approach, as one would expect from the
differences in the vorticity observed in Fig. 7, but the DES-SST
predictions have larger relative errors in the peak location and
amplitudes than the GT-HRLES predictions. The LES simulations
[8,23] outperform all other methods in overall terms of relative error,
as expected.

F. Time Step Analysis

A longer analysis interval with a simulation time of 0.5 s is
considered. The original physical time step applied in this effort was
computed to be 3:62 � 10�6 to ensure that the temporal integration
was appropriate to accurately capture up to 500 Hz frequencies. This
resulted in a simulation time of approximately 0.07 s, which is
significantly less than the minimum necessary simulation time of
0.5 s cited by Allen and Mendonca [24]. However, the time step
of 3:62 � 10�6 s was also significantly smaller than the time step of
2: � 10�5 s used in Allen’s simulations. An additional simulation
using the GT-HRLES turbulence approach was computed with this
larger time step of 2: � 10�5 to the 0.5 s simulation time to examine
the influence of these quantities on the aeroacoustic predictions. This
larger time step is used to gather a much longer time sample, but it is
important to justify both the small and large time steps. For the small
time step consideration is taken towards the longest Rossiter mode
[37] of the cavity, which occurs at 148 Hz. Despite the short
simulation time, the small time step simulations are able to capture
the frequencies of the higher harmonics. Justification of the analysis
interval stems from consideration of the Rossiter mode interactions.
Experiments [42] have confirmed that Rossiter modes interact and
lead to the addition smaller peaks in the frequency spectrum, rather
than alteration of the dominant modes. The result is that time

Table 7 Predicted cavity modal frequencies for different turbulence methods and analysis intervals

Interval, res Mode 2, Hz Error, % Mode 3, Hz Error, % Mode 4, Hz Error, %

k-! SST

5.81 338 �4:4 632 6.4 800 �1:6
11.70 317 �10:3 591 �0:6 800 �1:6
17.36 317 �10:3 614 3.2 800 �1:6

DES-SST

5.81 250 �29:3 —— —— 715 �12:1
11.70 325 �7:8 615 3.6 818 0.6
17.36 332 �5:9 552 �7:1 778 �4:3

GT-HRLES

5.81 337 �4:5 590 �0:7 843 3.7
11.70 379 7.4 590 �0:7 843 3.7
17.36 379 7.4 611 2.9 843 3.7

KES

5.81 506 39.6 —— —— 1012 20.7
11.70 422 16.5 759 19.7 1181 40.9
17.36 338 �7:8 549 �5:4 929 10.8

Rossiter [37]
—— 357 1.3 566 4.7 775 4.7

LES simulations [8] (mesh 3)

—— 362 2.5 594 0.0 838 3.1
Experiment [23]

—— 353
 12 —— 594
 12 —— 813
 12 ——

Table 8 Predicted cavity modal amplitudes for different turbulence methods and analysis intervals

Interval, res Mode 2, dB Error, % Mode 3, dB Error, % Mode 4, dB Error, %

k-! SST

5.81 151 0.6 149 0.7 147 8.6
11.70 149 �0:5 147 �0:9 143 5.8
17.36 148 �1:7 144 �2:6 141 4.6

DES-SST

5.81 150 0.5 —— —— 147 8.8
11.70 151 0.9 146 �1:4 145 7.3
17.36 152 1.4 146 �1:5 143 6.1

GT-HRLES

5.81 150 0.0 148 �0:3 144 6.5
11.70 150 0.1 145 �1:9 143 6.0
17.36 151 0.3 145 �1:7 142 5.4

KES

5.81 153 2.1 —— —— 149 10.4
11.70 155 3.3 147 �0:7 145 7.4
17.36 153 2.1 147 �0:7 144 7.0

Experiment [23]
—— 150 —— 148 —— 135 ——
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intervals that are not long enough to reproduce the lowest frequencies
may still be used to investigate the higher frequency dominant
modes. For the large time step the long simulation time of 0.5 s is
adequate to resolve the longer modes, but consideration is placed on
resolution of the highest frequencies. The third Rossiter mode of the
cavity occurs at 566 Hz giving 11,320 samples per oscillation cycle
for this large time step, which is more than adequate resolution of the
signal.

First, an analysis at the end of 0.07 s simulation timewith the larger
time step was examined, excluding the initial transient. This was
equivalent to the 17.36 residence time studied for the smaller time
step. The larger time step was not able to adequately resolve some of
the higher mode frequencies during this short simulation period. The
frequency of the first mode was predicted within the experimental
error bounds, but the prediction errors of the higher modal
frequencies grew significantly larger with increasing mode number.
The first threemodal sound pressure levels were predicted within 3%
and did not vary significantly from the predictions at this simulation
time by the smaller time step. The increasing error in the modal
frequency location was not unexpected as the larger time step does
not have as high a sampling rate as the smaller time step, and as the
frequency is increased fewer samples per cycle are gathered leading
to less accuracy. Additionally, there are 5 times fewer samples for the
larger time step simulations during the simulation time.

The residence period analysis used to evaluate convergence
indicated that the larger time step required the entire simulation
interval (minus the transient portion of the simulation) to converge on
the first four modal characteristics. The sound pressure levels for the
different GT-HRLES simulations (Fig. 11) indicate that overall the
predictions for the smaller time step and simulation interval
(�t� 3:62 � 10�6, t� 0:07 s) is overall fairly comparable to those
from the larger time step and simulation interval (�t� 2: � 10�5,
t� 0:5 s). The larger time step/interval combination captures the
SPL levels within 2–3 dB of experiment below 100 Hz, while the
smaller time step/interval combination can vary as much as 5 dB.

The anomalous SPL increase that was previously observed between
700–1000 Hz is still present, indicating that the sampling time is not
the source of this discrepancy. At frequencies above 1000 Hz, the
overall trend of the larger time step/interval combination is to reduce
the broadband SPL levels, moving them closer to the experiment. It
should be noted that this study was not designed originally to capture
these frequencies, but with a more appropriate grid, this observation
can prove to be helpful.

The modal frequencies (Table 9) are more accurately reproduced
by the larger time step/longer analysis interval, falling within the
error bounds of the experiment with the exception of mode 4.
Conversely, the peak SPL (Table 10) is not significantly influenced
by either a longer time interval or the larger time step. The smaller
time step more accurately captures the SPLs compared with
experiment, however, the overall differences between the values is
less than 2% for the fourth mode and less for the lower modes.

Fig. 10 Sound pressure levels for cavity pressure data.

Fig. 11 Influence of run time on sound pressure levels for the GT-

HRLES turbulence method.

152 LIGGETTAND SMITH



G. Grid Node Distribution

If hybrid turbulence methodology is applied using a RANS-like
approach with the goal of improving flow reproduction, solution
dependency on grid node distribution should be addressed. The
previous results obtained using the RANS-like grid with larger
spacing across the center of the cavity are compared with results
using a grid with more node clustering in the center of the cavity that
could be employed with an LES code (Fig. 12). The only difference
between the two simulations shall be the grid node distribution.With
both grids the GT-HRLES approach is used with the same
discretization and integration parameters. Pressure is taken again at
the same cavity floor location and estimation of the frequency
spectrum is carried out with FFT. The results of the spectral analysis

(Fig. 13) give minimal qualitative difference between the differing
node distributions. Quantitatively, a comparison of the mode
predictions (Tables 11 and 12) provides evidence that the frequencies
predicted by each method fall within the analysis error of each other,
providing evidence of the validity of the RANS-like grid approach.
All mode frequency predictions fall within the error bounds of the
experiment with the exception of mode 4 for the LES-like grid
results.

H. Method Evaluation

As a final evaluation, the 0.5 s period DES-SST and GT-HRLES
results are compared with the results obtained by LES [8] and
experiments by Henshaw [23]. The sound pressure levels for these
simulations (Fig. 14) are presented up to frequencies of 2500 Hz
(Fig. 15). The DES-SST method predicts additional modes between
100–400 Hz, which are not present in experiment. The GT-HRLES
turbulence method simulation captures overall more accurate SPL
characteristics below 700 Hz than the DES-SST approach and is
comparable to the LES predictions. The major characteristics of the
mode at 350 Hz are captured by the LES and GT-HRLES
simulations. The DES-SST approach captures this peak, but the
frequency is shifted. The third mode is best captured by the LES
method, with the GT-HRLES method providing the next best
predictions. The DES-SST result for the third mode is the most
inaccurate correlation. As discussed previously, the grids for the
DES-SST GT-HRLES simulations were not optimized for higher
frequency content and contained some aspect ratios thatmay result in
poorer resolution of the acoustics above 700 Hz.

With respect to the captured modal frequencies (Table 13), GT-
HRLES computation at the longer simulation time/larger time step
combination predicts the frequencies with accuracy comparable to

Table 9 GT-HRLES predicted cavity modal frequencies for different time steps and analysis intervals

Source Interval, res Mode 2, Hz Error, % Mode 3, Hz Error, % Mode 4, Hz Error, %

�t� 2:00 � 10�5 s 17.36 388 10.0 615 3.5 847.7 4.3
�t� 2:00 � 10�5 s 265 354 0.3 596 0.3 837 3.0
�t� 3:62 � 10�6 s 17.36 385 9.0 614 3.4 838 3.1
Experiment [23] —— 353
 12 —— 594
 12 —— 813
 12 ——

Table 10 GT-HRLES predicted cavity modal SPL for different time steps and analysis intervals

Source Interval, res Mode 2, dB Error, % Mode 3, dB Error, % Mode 4, dB Error, %

�t� 2:00 � 10�5 s 17.36 151 0.9 144 �3:0 145 7.3
�t� 2:00 � 10�5 s 265 149 �0:6 145 �2:1 144 6.7
�t� 3:62 � 10�6 s 17.36 151 0.3 145 �1:7 142 5.4
Experiment [23] —— 150 —— 148 —— 135 ——

Fig. 12 Differing node distributions for grid dependency analysis.

Fig. 13 Sound pressure levels at the cavity floor center using differing

node distributions.

Table 11 Peak mode frequency error for

differing node distributions

Mode RANS-like error, % LES-like error, %

2 2.6 �3:9
3 0.2 �0:4
4 1.8 �4:6

Table 12 Peak mode amplitude error for

differing node distributions

Mode RANS-like error, % LES-like error, %

2 0.4 �0:4
3 �1:9 �3:7
4 5.4 5.4
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the LES simulation for the second and third modes, and is
comparable to the other hybridmethods formode four. For themodal
peak sound pressure levels (Table 14), the GT-HRLES andDES-SST
predictions for modes two and three are comparable to LES, but
mode four DES-SSTandGT-HRLES levels are not as accurate as the
LES results. Limited computer resources prevented examination of a
longer time interval to determine if this could have lowered the higher
mode amplitudes. As expected, the LES method has the best
performance overall. The GT-HRLES approach is the next most
accurate after LES.

Some final consideration of cost is appropriate. The hybrid
turbulence techniques employed in this study aim to improve
predictions of cavity flows without drastically increasing the cost of
the simulations. The DES-SST, GT-HRLES, and KES techniques

result in an increase in cost relative to the traditional RANS approach
of 2.1, 16, and 0.9%, respectively. No timing information was
available for the comparable LES study, so quantitative comparisons
are not possible, but qualitative assessments may be made. If timing
data from recent LES simulations by Tucker et al. [43] employing
structured grids in an LES framework are considered, full LES
simulation with appropriate temporal parameters would increase the
cost by 2 orders of magnitude. The advanced turbulence methods
outlined in this study provide a much higher turnover rate for
modestly decreased accuracy.

V. Conclusions

A series of analyses using different turbulence simulations,
including RANS Menter k! SST, two hybrid RANS/LES methods
known as DES-SST and GT-HRLES, and an LES-VLES technique
known as KES, have been evaluated in a legacy RANS code,
OVERFLOW, for a 5:1:1 cavity in a transonic freestream (M1�
0:85). Characteristics of the simulations using time step size and
simulation length have been examined. From these simulations,
several conclusions can be reached:

1) All four turbulence approaches predict the large feedback
vortical structures within the cavity, but only the DES-SST and GT-
HRLES methods capture additional flowfield complexity, which
may be due to the explicit transport of turbulent dissipation with
subgrid-scale modeling.

2)Higher harmonics are apparent in theDES-SSTandGT-HRLES
simulations, which are not as apparent in the traditional RANS and
KES approaches resulting from the large amount of complex
vorticity apparent in the flowfield.

3) Verification of subsidence of initial transients and onset of
periodicity of the simulations can be determined via the mean of the
integrated pressures on the cavity floor with increasing analysis
interval.

4) The RANS and KES models over-predict the overall sound
pressure levels. The DES-SSTmethod predicts lower sound pressure
levels, but the GT-HRLES predictions are the most accurate when
correlated with experimental measurements and LES results.

5) Comparisons of 0.5 s simulation interval frequency predictions
forDES-SSTandGT-HRLESmethods demonstrates reproduction of
the second and third harmonics much more accurately for GT-
HRLES. The fourth harmonic is captured with a similar level of
accuracy between the two methods. All predictions fall within error
bounds of the analysis. The GT-HRLES modal frequencies are
sensitive to time step size and simulation length. This confirms the
need for a 0.5 s simulation interval by Allen and Mendonca [24].

6) The GT-HRLES predictions of the peak modal sound pressure
levels for frequencies below 1000 Hz are less sensitive to the time
step size and simulation length than modal frequency locations,

Fig. 14 Sound pressure levels at the cavity floor center for different

turbulence methods [8,23].

Fig. 15 Sound pressure levels at the cavity floor center for different

turbulence methods [8,23].

Table 13 Comparison of cavity modal frequencies

Method Mode 2, Hz Error, % Mode 3, Hz Error, % Mode 4, Hz Error, %

DES-SST 323 �8:4 538 �9:4 790 �2:9
GT-HRLES 354 0.3 596 0.3 837 3.0
LES [8], mesh 3 362 2.5 594 0.0 813 0.0
Experiment [23] 353
 12 —— 594
 12 —— 813
 12 ——

Table 14 Comparison of cavity modal peak sound pressure levels

Method Mode 2, dB Error, % Mode 3, dB Error, % Mode 4, dB Error, %

DES-SST 151 0.4 144 �2:4 141 4.5
GT-HRLES 149 �0:6 145 �2:1 144 6.7
LES a[8] (mesh 3) 150 0.3 151 2.2 134 �1:0
Experiment [23] 150 —— 148 —— 135 ——

aThese data were not explicitly given by Levasseur et al. [8]. These quantities have been determined by digitization
of the SPL data presented in Fig. 14.
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negating the recommendation of a 0.5 s simulation interval by Allen
and Mendonca [24].

7) The DES-SST and GT-HRLES predictions have similar
performance for the 0.5 s analysis interval in terms of sound pressure
level predictions. These predictions are comparable to previously
published LES predictions for frequencies below 600 Hz for which
this study was designed.

8) The GT-HRLES approach was able to predict SPL for the peak
frequencies below 400 Hz within 1 dB and below 600 Hz within
about 2 dB. Above 600 Hz, the SPL predictions were within 10 dB,
indicating the need for a grid with reduced aspect ratios and
stretching below 15%, which was used in the present study.
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